Two antigenically indistinguishable strains, 171 and 308, of Kilham rat virus (KRV) have distinct host ranges and contain capsid proteins of identical size, but with different isoelectric points. The single-stranded DNA genomes of the viruses are also the same size but appear to have different secondary and tertiary structures. The genomes of the two strains have nearly identical cleavage maps for 11 restriction endonucleases, except for differences in five restriction sites in the region bracketed by 0.63 to 0-90 map units (t'rom the3' ends of the virus strands). However, there is a lack of extended heterology in the nucleotide sequence of the two virus genomes, as judged by electron microscopic analysis of the heteroduplex of the two virus DNAs. This suggests that very subtle differences in the sequences of the genome, and possibly of the capsid proteins, may play a role in the host specificity without affecting the antigenic similarity of KRV strains.
INTRODUCTION
Non-defective parvoviruses constitute a class of small teratogenic and cytopathic mammalian viruses. They have linear single-stranded (ss)DNA genomes of 1.35 to 1.70 megadaltons that are encapsidated in icosahedral non-enveloped particles 20 to 25 nm in diam. (Tattersall & Ward, 1978) . The most well-characterized non-defective parvoviruses, such as Kilham rat virus (KRV), H-I, and minute virus of mice (MVM), are of rodent origin (Siegl, 1976) , and these viruses have very similar physicochemical properties in terms of capsid proteins, size and composition of DNA, and some similarity in restriction cleavage sites (Siegl, 1976; Tattersall & Ward, 1978; Peterson et al., 1978) .
Kilham and his associates isolated a number of hamster osteolytic agents (Kilham, 1966 ) that were subsequently called KRV and chosen as the type species of non-defective parvoviruses. The strains of KRV were classified on the basis of inhibition of virus haemagglutination activity by KRV antiserum. KRV strain 171 was isolated from rats inoculated with Moloney leukaemia virus (Kilham & Moloney, 1964) whereas KRV strain 308 was discovered in a rat with spontaneous hepatitis. KRV308, unlike KRV 171, was able to cross the placental barrier in pregnant rats (Kilham & Margolis, 1966; Kilham & Ferm, 1964) . Both strains have been extensively studied as prototypes of KRV (Tennant & Hand, 1970; Salzman & Jori, 1970; Astell et al., 1979; LaveUe & Mitra, 1978) . However, the observation "~ Present address: Department of Microbiology, University of Alabama at Birmingham, Birmingham, Alabama 35294, U.S.A. of R. Hand & R. Tennant (personal communication) that KRV171 does not infect rat nephroma cells, commonly used as host for KRV308 (Salzman & Jori, 1970) , suggested a difference in one or more of their structural properties. In this report, we document some of the distinct physicochemical properties of the two KRV strains.
METHODS

Viruses and cells.
Normal rat kidney (NRK) (Duc-Nguyen et al., 1966) and rat nephroma (Salzman & Jori, 1970 ) cells were routinely grown in Dulbecco's modified minimal essential medium containing 10 % foetal calf serum. Plaque-purified KRV308 (clone IA) was a gift of L. Salzman (NIH, Bethesda, Md., U.S.A.) and was used without further purification. KRVI~/1, originally obtained by R. Tennant from L. Kilham (Dept. of Microbiology, Dartmouth Medical School, Hanover, N.H., U.S.A.) , was plaque-purified in two successive steps after the virus-containing lysate was diluted in 0.5 % SDS to prevent infection with aggregates of virus particles (R.C. Bates, unpublished results). The general procedures for cell growth and virus infection have been described elsewhere (Lavelle & Li, 1977; Li, 1978) . For virus purification the infected cells (suspended in 20 mM-tris-HC1 pH 8) were briefly sonicated and the extracts were then successively treated, first with 25/~g/ml each of pancreatic DNase and RNase in the presence of 5 mM-MgC12 for 1 h at 37 °C, and then with 125/~g/ml each of trypsin and chymotrypsin for 2 h at 37 °C in the presence of 0.5% sodium deoxycholate. After low-speed centrifugation (5000 g for 10 rain), the supernatants were centrifuged at 400000 g for 60 rain in a Beckman ultracentrifuge. The virus pellets were suspended in 20% (w/w) CsC1/10 mM-tris-HC1 pH 8, layered on top of a step gradient of 40% and 35 % (w/w) CsC1 in a Beckman SW41 swinging-bucket rotor tube, and centrifuged at 34 000 rev/min for 18 to 24 h at 20 o C. The mature virus particles formed a sharp band in the gradient at a density of 1.41 g/ml, as well as a somewhat diffuse heavier band (Tattersall, 1978 a) . The empty capsids formed a band at about 1.3 g/ml. The mature virus and empty capsids were separately pooled and sometimes rebanded in CsC1. The DNA was purified from the mature viruses by band sedimentation in alkaline sucrose (Lavelle & Mitra, 1978) , followed by dialysis of the DNAcontaining pooled fractions against 1 M-NaC1 containing 10 mM-tris-HC1 pH 8 and 1 mM-EDTA for 3 to 4 h at room temperature. Finally, the DNA solutions were extracted with phenol in the presence of 0-5 % SDS and then precipitated with ethanol. DNA preparations in 10 mM-tris-HCl pH 8 and 1 mM-EDTA were occasionally treated with 200 /~g/ml Pronase in 0.5% SDS for 2 to 4 h at 37 °C before phenol extraction. KRV171 RF DNA from infected NRK cells was purified as described by Banerjee et al. (1981) .
Antisera preparation, haemagglutination and immunoprecipitation assay. Antisera directed against KRV171 and KRV308 were raised in rabbits by a single intravenous or subcutaneous injection with about 2 A 28o units of purified empty capsids of the two viruses dialysed against 10 mM-tris-HC1 pH 8. For subcutaneous injection, the virus proteins were mixed with Freund's adjuvant. After 3 weeks the rabbits were bled and the sera were collected in the usual way, heated at 56 °C for 30 min and stored at -80 °C. The haemagglutination inhibition assay was carried out according to Storz et al. (1972) , except that 4 haemagglutinating units of KRV and human type O erythrocytes were used. The immunoprecipitation test was carried out on double-immunodiffusion (Ouchterlony) agar plates (Hyland Laboratories, Costa Mesa, California, U.S.A.). An 8 /A amount of virus antisera or normal rabbit serum was placed in the centre well, and 8/21 each of 2 A280 units/ml of virus empty capsids or 2 Az8 o units/ml of mature virions were placed in the surrounding wells. After incubation at 37 °C for 48 h the plates were photographed.
Gel eleetrophoresis ofDNA. Electrophoresis of DNA was carried out in vertical slab gels (40 cm long) containing 1 or 1.4% agarose (Sigma). Tris-acetate buffer pH 7.8 ( Van den Hondel & Schoenmakers, 1975 ) was used for non-denaturing gels, while E-D buffer (Lehrach et al., 1977) at half concentration was used in denaturing agarose gels containing l0 mM-methylmercury hydroxide (Bailey & Davidson, 1976) . A constant voltage of 2.2 or 2.5 V/cm for non-denaturing or denaturing gels respectively was used until the bromophenol blue marker had migrated about 20 cm. The ssDNAs in agarose were stained with ethidium bromide (1 gg/ml) for 30 min at room temperature and the gels were photographed over 'long' wavelength u.v. light on Kodak technical pan SO-225 film. Methylmercury hydroxidecontaining gels were stained with ethidium bromide in 0.5 M-ammonium acetate. The restriction map was obtained following replication, digestion and electrophoresis of KRV DNA as described in Banerjee et at. (1981) .
Eleetrophoresis of proteins. Slab-gel electrophoresis of capsid proteins was carried out in 7.5% polyacrylamide gels in SDS according to Laemmli (1970) . Isoelectric focusing in a buffer containing 80% pH 6 to 8 ampholine (LKB) and 20% pH 5 to 7 ampholine was carried out in a tube gel in the first dimension and was followed by electrophoresis in the second dimension in an 8 % polyacrylamide slab gel containing SDS and mol. wt. markers (O'Farrell & Goodman, 1976) . The gels were stained with Coomassie Brilliant Blue and photographed after destaining.
DNA heteroduplex analysis by electron microscopy. A 200 gl mixture of KRV 171 RF DNA (4 gg/ml) and KRV308 virus DNA (2 pg/ml) was denatured in 0.1 M-NaOH, 2% SDS, 20 mM-Na3EDTA and 10 mM-tris-HCl for 10 rain at 100 °C, followed by quick neutralization with 20 gl cold 2 M-tris-HC1 pH 6-5. The mixture was then dialysed against 50% formamide containing 0.1 M-tris-HC1 pH 8.5 and 10 mM-EDTA for 3 to 4 h at 20 °C, and then extensively dialysed against 10 mM-tris-HC1 pH 8, 1 mM-EDTA at 4 °C before spreading for electron microscopy (Davis et al., 1971) . The spreading solution contained 1 to 2 ,ug/ml DNA in 0.1 M-tris-HCl pH 8, 10 mM-Na3EDTA , 40% or 60% formamide and 0.01% cytochrome c. The hypophase contained 10 mM-tris-HC1 pH 8, 1 mM-Na3EDTA and 10% or 30% formamide.
RESULTS
Antigenic similarity of two strains of KR V
KRV171 and KRV308 were originally classified together on the basis of their crossreactivity in a virus-mediated haemagglutination inhibition assay (Kilham & Moloney, 1964; Kilham & Margolis, I966) . Because the viruses have gone through many passages and plaque purifications, we retested the antigenic similarity of the KRV strains both by the doubleimmunodiffusion (Ouchterlony) technique and by haemagglutination inhibition with antisera raised against the KRV strains. Antisera to either strain were still equally active in inhibiting haemagglutination mediated by both viruses, indicating that the virus capsid proteins are highly related antigenically. This was further confirmed by the evidence of cross-reactivity of empty capsids as well as mature virions of both strains with antiserum raised against either one (Fig. 1) . The coalescence of the precipitin bands in Fig. 1 indicates antigenic similarity between the two virus strains. In support of the similarity, capsids of the antigenically unrelated H-1 virus (Siegl, 1976) did not react with antiserum against either KRV strain. When the virus capsid protein placed in the centre well of a double-diffusion agar plate reacted with the antisera raised against both viruses, no spur was observed at the junction of precipitin bands (data not shown).
Host range of KR V strains KRV171 has been routinely grown in primary rat embryo or NRK cells (Tennant & Hand, 1970; Lavelle & Li, 1977) , and KRV308 has been grown in rat nephroma cells (Salzman & Jori, 1970) . Earlier observations that KRV 171 did not grow in rat nephroma cells led to the suspicion that KRV171 and KRV308, despite their antigenic similarity, are not identical Fig. 1 . Ouchterlony double-immunodiffusion test for antisera against KRV171 and KRV30.8. The centre wells (labelled A to C) contained antisera against KRV171 (A), KRV308 (B) and a control (C). The surrounding wells (numbered 1 to 5) contained KRV171 empty capsids (1), KRV308 mature virions (2), KRV171 mature virions (3), H-1 empty capsids (4) and KRV308 empty capsids (5). The photograph of the precipitin bands was taken by reflected light after incubation of the plate at 37 °C for 24 h.
(R. Tennant & R. Hand, personal communication) . We confirmed the observation that while KRV308 (at 0.5 p.f.u./cell or less) causes extensive cytopathic effects in both NRK and rat nephroma cells, rat nephroma cells are apparently resistant to infection with KRV 171 under similar conditions. Furthermore, when attempts were made to purify mature virions from infected cells, the yields of KRV308 grown in either NRK or rat nephroma cells were comparable, about 2 to 4 A260 units of mature virions per 5 × 107 cells. The yield of purified mature KRV171 was about 1 to 2 A260 units per 5 x 107 cells when grown in NRK cells, but less than 0-1 A 260 units when grown in rat nephroma cells.
Differences in eapsid proteins
We compared the size of the proteins of KRV 171 empty capsids and mature virions with those of KRV308 (both grown in NRK cells) by electrophoresis in SDS-polyacrylamide gels. Fig. 2 shows that the three major proteins described by Peterson et al. (1978) and Salzman & White (1970) for KRV308 and designated A, B and C, are present in both the mature virions and the empty capsids of both strains. The moL wt. (80000, 64 000 and 59 000 for A, B and C respectively) and the relative abundance of these proteins are identical in the two virus strains and agree well with the published values (Peterson et al., 1978) .
We also compared the behaviour of the capsid proteins in two-dimensional gel electrophoresis/isoelectric focusing (Fig. 3) . In the pH gradient used, protein A remained near the top of the gel during isoelectric focusing in the first dimension, but proteins B and C could be identified on the basis of their mol. wt. For both viruses, protein B resolved into three species with isoelectric points between 6.2 and 6.4, and protein C into two species with isoelectric points between 6.4 and 6.7. Multiple protein species with different isoelectric points have also been detected in MVM capsid proteins and are believed to arise from variable extents of post-translational phosphorylation (Peterson et aI., 1978) . The proteins of KRV171 and KRV308 are similar in number of species, and their distribution patterns are comparabl~ However, when a mixture of the proteins was focused in a pH gradient, the number of species observed for either protein B or C was more than that obtained from single virus preparations (Fig. 3) . This suggests that the proteins of the two viruses are not identical and that they may have distinct amino acid compositions.
Distinct electrophoretie mobilities of virion DNAs
The purified DNAs from the two strains of KRV have the same sedimentation coefficient (approx. 15S in alkaline sucrose), but we observed unexpectedly that KRV308 migrated faster than KRV171 DNA during gel electrophoresis in non-denaturing agarose (Fig. 4a) . The mobility of KRV308 D N A was the same whether the virus was grown in NRK or rat nephroma cells (Fig. 4 a) . On the other hand, the DNAs of both virus strains have the same mobility in denaturing agarose, indicating that they are the same size (Fig. 4b) . Prior treatment of the DNAs with Pronase did not affect their mobilities (data not shown).
Comparison of DNA restriction sites
We HindlII, HaelI, and TaqI (Banerjee et al., 1981) , Fig. 5 shows the cleavage patterns for EeoRI, HpalI and TaqI. The restriction cleavage maps of KRV171 and KRV308 D N A for these enzymes are also identical, and for HindlII, HpalI and EcoRI, the map of KRV308 is identical to that published by Salzman et al. (1978) . However, there is a distinct difference in the cleavage patterns for BgllI, HaelII, HhaI and AluI. Fig. 5 shows that, for example, Lanes 1 and 2, no enzyme; lanes 3 and 4, EcoRI; lanes 5 and 6, HpalI; lanes 7 and 8, TaqI. Details of digestion with restriction endonucleases and gel electrophoresis were as described by Banerjee et al. (1981) . BgllI fragments (lanes 9 and 10) are marked in order to show the distinct cleavage patterns of the two DNAs. The mol. wt. of control DNAs and their restriction fragments were determined by comparison with marker DNAs run in the same gels and not shown.
BgllI digestion of K R V 171 duplex D N A gives rise to fragments A, B and C, while K R V 3 0 8 duplex D N A has a third BgllI site, giving rise to fragments A~ and A 2 in place of fragment A.
The map in Fig. 6 shows that this third site is at 0.63 map unit. We also found differences in The hyperphase contained 60% formamide; the hypophase contained 30% formamide. The hybridization was performed as described in Methods.
Absence of sequence heterology in heteroduplex of KR V171 and KR V308 DNAs
described in Methods. A m o n g the m o r e than 100 double-stranded molecules of unit length ( 1 . 8 / x m ) scored, no single-stranded heteroduplex region was observed either in 40 % or 60 % f o r m a m i d e (Fig. 7) . Because the resolution o f our m i c r o s c o p i c analysis permits us to detect as few as 50 nucleotide-long single-strand regions as bubbles in these molecules, we conclude that sequence heterology between K R V 171 and K R V 308 D N A s does not extend to stretches of more than 50 nucleotides. When heteroduplex DNA from KRV DNA and DNAs of other non-defective parvoviruses, namely H-I, LulII and MVM, were prepared in an identical fashion, unique sequence heterologies were observed (P. T. Banerjee et aI., unpublished results) .
DISCUSSION
The experiments presented here document several physicochemical and biological differences between two closely related and antigenically similar strains of KRV. The biological difference between the two strains in their in vivo pathogenic properties and ability to cross the placental barrier in pregnant rats was originally described by Kilham and his co-workers (Kilham & Margolis, 1966) . We have shown here a distinct in vitro host cell specificity of these strains. While these viruses are indistinguishable with regard to size and relative distribution of capsid proteins, and cannot be differentiated on the basis of their serological reactions, we have demonstrated that there is a subtle difference in the isoelectric points of the capsid proteins.
In the absence of knowledge about the primary structure of the capsid proteins and virus DNAs of these strains, we compared the nucleotide sequence of the two virus genomes by restriction mapping and heteroduplex analysis. Restriction cleavage maps of the two DNAs show that a majority of the cleavage sites (27 out of 32 sites mapped) are identical. The five distinct cleavage sites that have been mapped so far are all localized in the map region of 0.63 to 0.90 of the genome (starting from the 3' end). While the transcription map of KRV has not been established, studies with non-defective MVM (Aloni, 1981) or defective adenoassociated virus (Jay et al., 1981) suggest that these sites are in the coding region of the genome and, therefore, that the differences in DNA sequence may result in altered amino acid sequence of the virus proteins, a possibility that is consistent with the difference in isoelectric points of the capsid proteins. However, the nucleotide sequence difference is not extensive because electron microscopic heteroduplex analysis did not show heterology between the two DNAs.
The host range difference between the two KRV strains is reminiscent of the earlier studies of Tattersall (i978b) , who isolated variants of MVM specific for distinct host ceils. While this manuscript was in preparation, McMaster et al. (1981) studied comparative properties of MVM and a closely related virus MVM(i). While their results are in some ways similar to ours, there are distinct differences. The genomes of the two strains of MVM have more extensive sequence heterology spread over the whole DNA, unlike the situation in KRV. Furthermore, we have shown that the two strains of KRV have genomes of identical size while the MVM(i) genome apparently has a small deletion at its 5' end compared to that of MVM.
It is well known that electrophoretic mobility of non-denatured single-stranded nucleic acids is dependent on their folded structure as well as on their size (Maxwell et al., 1979) . The difference in the electrophoretic mobility of the two KRV DNAs in non-denaturing agarose suggests that these DNAs have distinct secondary and tertiary structures that can only be a reflection of their primary nucleotide difference. The differences in nucleotide sequences detected by restriction mapping, and probably other undetected but minor sequence differences in the KRV genomes, appear to be responsible for their unique folding. A comprehensive identification of these differences may be of help in understanding host specificity of the two KRV strains in particular and cytotropism of parvoviruses (Siegl, 1976) in general.
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